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Acceleration of Compact Toroid Plasma Rings for Fusion
Applications

Abstract

We describe experimental results for a new type of collective accelerator based on
magnetically confined compact torus (CT) plasma rings and discuss applications to both
inertial and magnetic fusion. We have demonstrated the principle of CT acceleration in
the RACE device with acceleration of 0.5 mg ring masses to 400 km/s and 0.02 mg ring
masses to 1400 km/s at > 30% efficiency. Very low mass rings have reached 2500 km/s.
We have also observed ring focusing by ~3-fold in radius. Scaling the CT accelerator to
the multi-megajoule level could provide an efficient, economical driver for inertial fusion
(ICF) or magnetically insulated inertial fusion. Efficient conversion to x-rays for driving
hohlraum-type ICF targets has been modeled using a radiation-hydrodynamics code. At
less demanding conditions than required for ICF, a CT accelerator can be applied to
fueling and current drive in tokamaks. Fueling is accomplished by injecting CTs at the
required rate to sustain the particle inventory and at a velocity sufficient to penetrate to
the magnetic axis before CT dissolution. Current drive is a consequence of the magnetic
helicity content of the CT, which is approximately conserved during reconnection of the
CT fields with the tokamak. Major areas of uncertainty in CT fueling and current drive
concern the mechanism by which CTs will stop in a tokamak plasma and the effects of the
CT on energy confinement and magnetic stability. Bounds on the required CT injection
velocity are obtained by considering drag due to emission of an Alfvén-wave wake and
rapid reconnection and tilting on the internal Alfvén time scale of the CT. Preliminary
results employing a 3-D, resistive MHD code show rapid tilting with the CT aligning its
magnetic moment with the tokamak field. Requirements for an experimental test of CT
injection and scenarios for fueling a reactor will also be discussed.

1. INTRODUCTION

In this paper we introduce the concept of the compact torus accelerator [1] and de-
scribe experimental results for the RACE (Ring ACcelerator Experiment) device [2].
Modeling of fusion applications is then discussed: first the use of highly focused, high-
power density rings for inertial fusion and secondly the application of a compact-torus
accelerator to fueling and current drive for tokamaks. We discuss requirements for an
experimental test of tokamak fueling and the power requirements for fueling or current
drive in a reactor.

2. ACCELERATOR CONCEPT

Magnetic confinement of plasma in the rings is the key feature of the accelerator
concept. The plasma is confined by a nearly force-free, compact torus field structure
consisting of a dipole-like polodial field with an entrapped toroidal field, produced by
currents flowing in the plasma and image currents in nearby conductors. A compact
torus is shown schematically between the accelerator electrodes in Fig. 1. The ring field
and confined plasma is magnetically accelerated in the coaxial electrode configuration
shown in Fig. 1 with the ring acting as a moving armature as in a coaxial-rail gun. Shear



of the ring field provides a stability threshold against the Rayleigh-Taylor instability [3]
as the ring is accelerated.

Stability of the confined plasma and field configuration, and long confinement time
allows us to accelerate the ring over distances large compared to the characteristic ring
dimensions and to a directed kinetic energy much greater than the internal magnetic and
thermal energy of the ring. A directed kinetic energy ~10 times the internal magnetic
energy of the compact torus has been reached in RACE. The internal magnetic energy
of the ring is typically much greater than the thermal energy.

When a high ratio of kinetic to magnetic energy has been achieved, focusing to higher
energy and power density is achieved by translating the rings into conical electrodes. The
ring momentum carries the ring toward the apex of the cone, compressing the compact
torus fields which are constrained to lie between the electrodes and focusing the confined
plasma. Compression of ring magnetic fields increases the ring-magnetic energy at the
expense of kinetic energy, and leads to reflection of the ring if the compression ratio is
too large.

3. EXPERIMENTAL APPARATUS AND RESULTS

The plasma rings are produced by a magnetized coaxial plasma gun at the beginning of
the accelerator shown in Fig. 1. The gun is 50 cm long with an outer/inner diameter of 35
c¢m/20 cm and has both inner and outer solenoids which can be energized by a 5 kV, 250 kJ
electrolytic capacitor bank. Gas is fed into the gun with eight electromagnetically driven
gas valves having a total plenum volume of 0.5 cc. The gas used is hydrogen (helium,
argon, or mixtures thereof have also been examined). The gas is broken down and plasma
and By field are ejected from the gun by discharging a 60 kV, 200 kJ, low inductance
capacitor bank between the inner and outer gun electrodes. As in similar magnetized
gun experiments, [4-6] firing the gun results in emergence of a spheromak-type compact
torus near the gun muzzle. In RACE, the ring is formed in the inter-electrode region
at the beginning of the accelerator section (see Fig. 1). The straight coaxial accelerator
electrodes were initially 6 meters long with an outer/inner diameter of 50 cm/20 cm, and
are housed in a vacuum vessel 1.5 meters in diameter. Conically converging electrodes for
ring focusing have been substituted for the final 2 meters of straight electrodes during
the most recent operations as shown in Fig. 1. Rings are accelerated axially by J x B
forces when the 260 kJ, 120 kV accelerator bank is discharged. The accelerating By field
is fed through an annular slot between the inner gun and inner accelerator electrodes as
shown in Fig. 1.

The diagnostics consist of current and voltage monitors for the banks, visible light
and VUV detectors, B-loop probes arrayed circumferentially (for symmetry) and axially
(for trajectory), and Helium-Neon and CO, laser interferometers for measuring the line-
integrated electron density.

The first experiments with all stainless-steel electrodes and H, gas injection demon-
strated formation of compact torus rings suitable for acceleration having total mag-
netic energy of 5-10 kJ and ring lengths of 50-100 cm. Acceleration was observed to
Vring ~ 4 x 107 cm/s with a ring mass of 5 x 10™* gm and a kinetic energy of ~40 kJ
(out of 100 kJ of accelerator bank energy) inferred from trajectory analysis. The ring
mass was not well correlated with the amount of injected gas and was somewhat high
for matching the transit time of the ring to the quarter cycle time of the accelerator



bank. Subsequent experiments have been conducted with tantalum liners on the gun
and accelerator electrodes, and glow discharge cleaning. Electrode contributions to the
ring mass have been reduced, resulting in acceleration up to v & 2.5 x 10® cm/s.

Proving the principle of ring acceleration has required demonstration of several sig-
nificant features. The most fundamental of these is the observation of the integrity of
the ring under acceleration. Figure 2 shows the time dependence of the axial magnetic
field (B.) observed by probes at the outer electrode as a ring moves down the accelera-
tor. The ring B, field at the electrode is typically 3-10 times the ring Bg field (an ideal
spheromak-type ring has B = B,; only at the outer electrode). The accelerating By field
is observed to rise sharply behind the ring. We have observed approximate preservation
of the ring field profile and intensity for the entire 6 meters of the linear acceleration
section, with some changes in response to acceleration such as steepening of the trailing
edge as seen in Fig. 2.

From interferometer data, we observed that the plasma is well confined to the ring-
magnetic fields. The mass of the ring (assuming it is constituted of hydrogen) is within
about 30% of the mass estimated from the ring trajectory given the measured magnetic
forces on the ring [2]. The current sheet position, calculated from the measured time-
varying inductance of the accelerator also closely tracks the ring trajectory, indicating
that the current and the associated accelerating force flows through the ring rather than
intervening plasma. For the shot shown in Fig. 2, the ring reached a directed kinetic
energy of 10 kJ out of the accelerator bank energy of 47 kJ.

We observe ring focusing with an array of magnetic probes distributed along the con-
ical electrode. Several types of behavior are seen as rings impinge on the cone: reflection
of the ring completely out of the cone after focusing by factors of 2-3 in radius; partial
reflection followed by ring stagnation in the cone; ring stagnation without obvious reflec-
tion. The stagnated rings persist for ~ 100us. The cone converges to a small enough
radius that the rings are generally reflected or stagnated before they can exit the cone.
Field amplification is also observed by factors of order four, e.g., a 1 kG ring at the entry
of the cone compressing to 4 kG at the reflection point of between 2 and 3 fold radial
compression.

In summary, we have conducted experimental studies of compact torus formation,
acceleration and focusing on the RACE device. The data supports the basic concept of
a stable, well-confined plasma ring that undergoes acceleration and focusing in a manner
consistent with simple models of momentum and energy balance.

4. INERTIAL FUSION DRIVER

Application of the compact torus accelerator to inertial fusion requires ring kinetic
enrgy 310 MJ, with velocities > 10° cm/s and power densities in the range 10'® —
10'® watts/cm®. Point model calculations of ring dynamics [7] suggest that attainment
of these high-power densities can be achieved in an accelerator ~10 meters in length
with a driving capacitor bank energy (or equivalent energy source) of 2-3 times the final
ring kinetic energy. The accelerator would employ a conical ”pre-compression” stage in
addition to the final focusing stage which allows energy input on the 10 us time scale
and hence modest bank voltages (<500 kV) and cheap (~1$/Joule) energy storage.

In the regime where the ring kinetic energy dominates the magnetic energy and the
gyro-radius of ions moving at the CT velocity and in the CT magnetic field is greater



than the CT linear dimension, it is expected that the plasma will act as an un-magnetized
ion beam on impact with a target. In principle, polarization fields from the magnetized
electrons could inhibit cross-field ion motion, however strong Rayleigh-Taylor instability
(8] should preclude this possibility. In the CT parameter regime relevant to an ICF driver,
1-D calculations employing a radiation-hydrodynamics code show efficient conversion of
the beam energy to x-rays for a hohlraum type ICF target. For a xenon CT with 5 MJ
kinetic energy moving at a velocity 5 x 10® cm/s impacting on a thin foil, approximately
80% of the incident kinetic energy is converted to thermal x-rays. We have also found
that conversion to x-rays can be efficient (~50%) in the limit that the magnetic field
inhibits cross-field motion of the plasma. In this case the CT plasma is heated by a
shock wave when the ring strikes the target. The thermal energy is converted efliciently
to plasma bremsstrahlung and line radiation for sufficiently high CT ion density (e.g.,
nge > 10'®/cc).

Also, the imbedded magnetic field of the compact torus makes the accelerator a
natural candidate for driving magnetically insulated inertial fusion (MICF) targets [9].
In this scheme, the fusion-fuel is not compressed, remaining below solid density, and is
confined by a high-density tamper. The magnetic field imbedded in the fuel (in this case,
the CT field) suppresses cross field transport of heat and alpha particles.

5. TOKAMAK FUELING BY COMPACT TORUS INJECTION

Recently there has been growing interest in alternative methods of fueling tokamak
reactors because it appears unlikely that a pellet fueling system will be capable of de-
positing fuel near the magnetic axis. A CT injected with pcrV3@;r > BZ,mae/4T is
expected to propagate across the tokamak magnetic field [10,11] as shown in Fig. 3. The
initial velocity, radius and density of the CT will be chosen so that the CT stops and
reconnects with the tokamak field near the magnetic axis. This would allow deep pene-
tration fueling in a reactor grade plasma and attainment of the peaked density profiles
that allow ignition in machines that have only marginal energy confinement times.

5.1. Compact Torus Dynamics

Since that CT plasma is a good conductor on the time scale involved (a few psec),
it will tend to develop screening currents that exclude the tokamak field from the CT.
To the extent that the CT behaves as a perfect conductor, the dominant drag would be
caused by excitation of Alfvén waves in the tokamak plasma and the CT dynamics would
be determined by this drag force together with the V B? force. If the CT does not behave
as a perfect conductor, but can undergo magnetic reconnection, the screening currents
will dissipate and the CT dipole-moment will interact strongly with the tokamak field and
cause tilting as shown in Fig. 3. The dynamics of the CT are thus critically dependent on
the rate at which magnetic-field-line reconnection can occur, which is a subject of some
controversy. From models developed in an astrophysical context [12], we can examine the
rapid reconnection limit 7 = 7,4 (Petschek) and the slow limit 7 = /747 (Sweet-Parker)

. . . 2 e s
where T = reconnection time, 74 = r/V,4 = Alfvén time, 75 = IE— = resistive time, r
-

= CT radius, V4, = y/B/4mpcr, n = CT resistivity. For rapid reconnection, if the CT
is to penetrate the tokamak minor radius, a, before reconnection and tilting, then the
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Table I: Suggested parameters for CT injection fueling of the engineering test reactor.

Fast Slow
reconnection reconnection
Injection velocity (km/sec) 750 460
DT mass/shot (mg) 4.8 0.037
Rep-rate (Hz) 0.93 122
Energy/shot (J) 1.35 x 10° 1.95 x 10°
Average wall-plug power (MW) ~2.5 ~ 24
Initial CT diameter at entrance port (m) 0.5 0.067
required kinetic energy density is [11]
2 2
T =714 =a/Ver = perVir = % (g) (1)

For slow reconnection, Alfvén drag is usually the dominant irreversible process. The
drag power is given by [10] Pprac = 2772p,VZrVao where the subscript “o” refers to
the tokamak parameters. The required kinetic energy density is then

B? /a\? p
Vi = — (—) 2 2
pcrVer ar \r/) pcr ( )

Since po/pcr << 1 for a CT fueling scheme, the required energy density is much less if
the slow reconnection model applies. Other constraints are:

N, a - r
T <<1, o= <7, Bor 32 finjea 210%hz, — << 1 (3)
Nt.okama.k ",CT a
where Ncr, Niokamar are the particle inventories and finjee is the injection frequency.
In the slow reconnection limit, the radially outward force due to gradients in magnetic
. 1 B%73 . . . «
pressure can be important, Fypz = ;%5 (R is the tokamak major radius). Reconnection
must be fast enough to disassemble the CT before it is expelled by Fyg:. Combining
constraints (3) with Eqs. (1) or (2) for the fast or slow reconnection limits results in

typical fueling systems as shown in Table 5.1 for the ETR type tokamak reactor [11].

5.2. MHD Simulation of Compact Torus Reconnection in the Tokamak Field

The interaction of the CT with the tokamak is studied using the non-linear, com-
pressible, resistive MHD code TEMCO [13]. Rather than treat this very complicated
problem in its fullest, we assume that the compact toroid is initially placed at rest in a
uniform magnetic field modified to exclude the spherical CT with a density 10 times that
of the surrounding tokamak. The symmetry axis of the CT is initially at right angles to
the external field direction. The simulation shows that the CT tilts 90 degrees in about
an Alfvén time, as shown in Fig. 4, its magnetic moment lining up with the tokamak
magnetic field. The subsequent magnetic evolution shows rapid dissolution of the CT
field structure. The results are preliminary in that further studies are needed to give
confidence that the modeling of the transition region between the CT and tokamak fields
1s accurate.



5.3. Experimental Test of CT Injection
Experimental tests of CT injection are being proposed [14] for the TEXT and MTX

tokamaks to obtain data concerning these critical issues. Small CTs ~4 cm diameter
with kinetic and magnetic energy ~5 KJ, and plasma inventories of ~10% of the tokamak
plasma inventory would be produced by a magnetized coaxial plasma gun.

For simplicity the first tests would be performed without an accelerator stage but
with the plasma gun alone. CTs emerge from a plasma gun with kinectic energy ~ the
magnetic energy (pcrVZr ~ B?/47) so, if the tilt constraint is operable as discussed
in Sec. 5.1, the CT may not penetrate to the magnetic axis. Penetration to the axis
should be possible if the slow reconnection model applies, although partial penetration
would still provide valuable information about the CT dynamics. An experimental test
will provide data on other important issues: gun-produced plasma purity, gas efficiency,
gun erosion, possible degradation of tokamak energy confinement or excitation of MHD
instabilities of the tokamak.

6. TOKAMAK CURRENT DRIVE BY CT INJECTION

In addition to particles, the CT also carries magnetic helicity. It is expected that the
magnetic helicity will be conserved during the reconnection, hence the tokamak helicity
and circulating current will be increased with each injected CT, giving a net current
drive. The helicity content of a tokamak is given approximately by

k~ ‘I’p@T

where Up, &1 are the tokamak poloidal, toroidal flux. It follows from the conservation
of helicity that when a CT is injected and the initial tokamak current profile has been
restored; then the plasma current must increase by an amount

26k ZTCTWm

R®, = rR®, 4)
Ho r T r
where W, is the magnetic energy of the CT, and we have used the fact that the helicity
content of the CT is §k =~ rcrW,,..

The condition that we drive all of the current is that all of the helicity in the tokamak

be replaced in an L/R time,

61}32

S e )
Ip TL/R

where 71,/ p is the L/R time including only the inductance of the plasma column and 7¢r
is the time between CT’s.

From Egs. (4) and (5) the power required for the CT current drive system is given
by

Ror1 4 V2
~ m TiP (1 + 71',0%:1; CT) (6)
0

Using the tilt constraint, Eq. (1) in Eq. (6) and typical tokamak reactor parameters

leads to Q ~ % ~ 50. for CT current drive.
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Figures

Fig. 1. The RACE compact torus accelerator consisting of a coaxial plasma gun, a
straight acceleration section and a focusing cone.

Fig. 2. Axial magnetic field at the RACE outer electrode (r = 25 cm) for different axial
locations vs. time.

Fig. 3. Schematic of compact-toroid (CT) acceleration and interaction with the external
tokamak toroidal field. As it traverses the external field, the CT rotates through
a 90° angle due to the torque on its internal magnetic moment. Alignment of the
CT poloidal field with the external field results in field-line reconnection and fuel
deposition.

Fig. 4. Contours of the component of B normal to the plotting surface (“toroidal” field)
in resistive MHD simulations of a CT tilting in a tokamak field.
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